Abstract. An integrated pulse shaper for femtosecond pulses was built and characterized. It uses far-field grating diffraction to generate the spectrum of an input pulse in the Fourier plane. The implementation of the system we present uses the concept of planar integration of freespace optical systems with a folded optical axis. The system is dispersion-free. Optical path-length differences are compensated for by using two cascaded 4f-imaging and filtering setups in the optical design. Material dispersion is avoided, since the light propagates in air and all optical elements in the system are implemented as reflective microoptical devices. Lenses were designed as concave mirrors and fabricated by ultraprecision micromachining. We present results regarding the design of the pulse shaper and its fabrication. © 2009 Society of Photo-Optical Instrumentation Engineers.
Introduction: Temporal Optical Filtering Using Far-Field Grating Diffraction
The shaping and processing of ultrashort optical pulses with durations in the picosecond ͑ps͒ and femtosecond ͑fs͒ range is becoming a significant task due to their increasing use in numerous areas. Ps/fs-pulses are used, for example, for materials processing; 1,2 as analytical tools for physics, chemistry, and the life sciences; 3, 4 and in information optics. 5, 6 The filtering of a short pulse may serve different purposes. A well-known example is the conversion of a Gaussian pulse to a flat-top pulse. 7 Another example may be the generation of a specific ímpulse response needed to excite a molecule. 8 Last, due to their broad spectrum, fspulses may be used, for example, to realize wavelength division multiplexing schemes in optical communications. 9 In general, temporal optical filtering can be achieved in two ways: by accessing the signal either in the spectral ͑i.e., wavelength͒ domain or directly in the time domain. 10 The most common optical device for the shaping of short pulses consists of a 4f-setup using far-field grating diffraction, as depicted in Fig. 1 . The input signal, u in ͑x , t͒, consisting of a collimated beam, is split up into its spectral components by a diffraction grating, G 1 . Typically, the grating is used in reflection in a high diffraction order to spread out the optical spectrum over a sufficiently large spatial interval. A spectral component of the optical signal is denoted here as u͑x , ͒, where is the angular frequency. Each frequency component is focused to a specific spatial coordinate x F by lens L 1 , where x F denotes the coordinate in the spectral ͑or Fourier͒ plane F.
The usefulness of the described setup is essentially given by the fact that the different frequency components ͑or wavelengths͒ can be accessed directly in the Fourier plane F. By using a static or dynamic modulator such as a liquid crystal SLM or simple masks, a variety of filter operations can be implemented.
11 By using a second lens and grating, the different wavelengths are then recombined to form a collimated output beam, u out ͑x , t͒. So far, the described setup is usually implemented with discrete components. Discrete setups, however, suffer easily from misalignment due to mechanical and thermal influences. For many applications-in particular, in mobile and harsh environments-mechanical and thermal stability is mandatory. In addition, a compact size is often desirable. To achieve small size, light weight, and ruggedness, integration of the optics is required. Approaches to building integrated pulse shapers by using micro-and waveguideoptical technology have been reported in Refs. 12-15. Reference 12 uses waveguide optics, while Refs. 13-15 discuss implementations based on the concept of planar-integrated free-space optics ͑PIFSO͒. 16 Here, we also suggest and demonstrate an integrated microoptical pulse shaper using the PIFSO concept. However, in comparison to the earlier proposals, [13] [14] [15] several improvements are introduced to reduce or completely eliminate dispersion effects. In our implementation, material dispersion is completely avoided, since the light signal propagates in air and all optical elements are used in reflection. In particular, the lenses are implemented as concave mirrors rather than diffractive lenses. For this purpose, the system was realized as a microstructured copper substrate by ultraprecision micromachining. Modal dispersion, which may occur in an optical system due to different path lengths, is eliminated by using an 8f-setup rather than a 4f-setup. This will be discussed in more detail in the subsequent sections.
This paper is organized in the following way: In Sec. 2, a brief theoretical model of 4f-pulse shapers is presented. Section 3 describes the design considerations of a PIFSO implementation. Section 4 deals with the simulation and characterization of the system. Last, we conclude in Sec. 5 with a summary of results obtained so far and an outlook.
Model of the 4f-Pulse Shaper
Here, we present a brief theoretical model as far as it is relevant for the subsequent design of the integrated version. A more detailed description can be found in Ref. 17 . For simplicity, we consider only one lateral spatial coordinate. We assume an input pulse with a complex amplitude that is separable in x and t, so we can write
First, we consider a collimated monochromatic ͑i.e., stationary͒ beam of wavelength =2c / ͑c is the speed of light, is the angular frequency͒ with a Gaussian spatial profile:
The beam is diffracted by G 1 to travel in direction ␥ behind the grating, where it is given by the well-known diffraction equation:
␥ is the angle between the diffracted beam and the grating normal, and 0 is the angle that the input beam forms with the grating normal. p denotes the grating period, and m the diffraction order ͑here, we will use m =1͒. Now, we choose the wavelength to assume a specific value = 0 ͑corre-sponding to the frequency = 0 ͒ such that the diffraction angle ␥ 0 coincides with the optical axis of the 4f-setup. It is convenient to define the lateral component of the wave vec-
/ is the wave number. Using this configuration, the amplitude distribution in plane F is centered around position x F = 0 on the optical axis. For small angles of diffraction, spatial coordinate x F and spatial frequency k x are related by x F Ϸ͑k x / k͒f, where f is the focal length of the lenses in the 4f-setup. For a stationary Gaussian input beam according to Eq. ͑2͒, the spatial light distribution in the spectral plane is given as:
Expressed in spatial coordinates, the ͑1 / e͒-width of the focus is given as ⌬x F x = ͑2 / ͒͑f / a͒, which defines the resolution of the spectrometer. The superscript x is used to denote the spatial aspect. A monochromatic beam of frequency = 0 + ␦ ͑i.e., ␦ is the deviation from the center frequency͒ gets focused to a different lateral position given by
We should note for completeness that a scaling factor ␣ = cos 0 / cos ␥ 0 has to be applied to account for the tilt of the optical axis as caused by the grating between the lateral axes for the input pulse ͑denoted by the x coordinate͒ and the x F axis in the Fourier plane. 17 For simplicity, we are neglecting this scaling factor here. Now, we turn to the nonstationary case. Consider a Gaussian pulse centered at = 0 . Its temporal part, u t ͑t͒, is described as
͑6͒
Its frequency spectrum is given as
͑7͒
With Eq. ͑5͒, it is possible to derive the resulting spatial distribution in the Fourier plane. By design, the central frequency = 0 is positioned at x F = 0. While the spectrum is symmetrical with respect to the difference coordinate ␦, the resulting spatial distribution is not due to the nonlinear relationship between x F and ␦. The ͑1 / e͒-values of the amplitude distribution occur at coordinates
With this, the resulting ͑1 / e͒-width of the frequency spectrum in the Fourier plane, ⌬x F t , is calculated to be
As examples, Fig. 2 shows the frequency spectra and the amplitude distributions in the filter plane for three pulses, each with the central wavelength 0 = 780 nm ͑correspond-ing to 0 Ϸ 2.415 PHz͒, but with different pulse widths = 20 fs, 50 fs, and 100 fs, respectively. By comparison, one can notice the slight asymmetry that occurs in the amplitude distributions as it becomes most obvious for the pulse with the shortest duration.
Overall, the amplitude in the Fourier plane is given by the convolution of U x ͑x F ͒ and U t ͑x F ͒:
͑10͒
The total width of the amplitude distribution is given as the sum ⌬x F x + ⌬x F t . However, the design goal for a pulse shaper will be to make ⌬x F x Ӷ⌬x F t .
Design of a Planar-Integrated Pulse Shaper
Planar-integrated free-space optics ͑PIFSO͒ is based on the idea of folding a 3-D system into a 2-D geometry. 16 Various design aspects and demonstration experiments were described, for example, in Ref. 18 . In the conventional PIFSO approach, all the optical elements are placed on the surfaces of a thick transparent substrate. The substrate material may be glass ͑e.g., SiO 2 ͒, a polymer, or-at suitable wavelengths-silicon ͓Fig. 3͑a͔͒. The micro-optical elements are coated with a reflective metallic or dielectric layer. Here, we describe for the first time a setup that uses propagation in air where the optical elements are placed on the surfaces of two separate substrates ͓Fig. 3͑b͔͒. In terms of the original approach, one may say that the two setups shown in Fig. 3 are complementary to each other. Nonetheless, the concept of integration using a planar configuration of the optics is the same.
Our implementation of the pulse shaper is shown in Fig.  4 . It consists of two substrates S 1 and S 2 that have the following functionality: S 1 contains gratings G 1 and G 2 as dispersive elements. S 2 carries the lenses that implement the imaging system. Notice that there are four lenses, not just two as one might expect in the case of a 4f-setup. This point will be discussed in the following text. First, we point out a specific feature of our PIFSO implementation: Unlike in the case of a discrete setup ͑Fig. 1͒ where the gratings are tilted, this setup uses a coplanar arrangement of the optical elements. The input beam hits grating G 1 orthogonally, i.e., 0 = 0, and then propagates under an angle ␥ 0 for the center wavelength 0 . The micro-optical elements are not perpendicular to the tilted optical axis. Consequently, the beam propagation is somewhat different from the conventional pulse shaping setup. Therefore, it is necessary to modify the lens design in such a way as to compensate for the effects of the tilted optical axis. This can be achieved by using a phase profile that is elliptical-see, for example, Ref. 19 . We will describe the exact shape of the mirrors in Sec. 4 .
Two important aspects of the implementation have to do with dispersion effects and how to avoid them:
• Material dispersion As mentioned earlier, propagation in air is advantageous for handling fs-pulses in order to avoid material dispersion. Material dispersion is caused by the wavelength dependency of the refractive index and leads to pulse broadening. We denote the temporal broadening as ⌬. If the difference of the refractive index for the longest and for the shortest wavelength in the pulse is ⌬n ͑the numerical values may be derived, for example, by using the Sellmeier equation͒, then for a total length L of the optical system, the temporal blur will be ⌬ Ϸ ⌬nL / c 0 , where c 0 is the vacuum speed of light. For an estimate, we assume a focal length f = 10 mm and hence a total length L Ϸ 40 mm. Assuming that ⌬n = 0.05, one obtains ⌬ Ϸ 6.7 ps. This example shows that for pulses with durations of less than 100 ps, it is mandatory to avoid propagation inside a material and one has to use propagation in air. In order to build a PIFSO system with propagation in air consisting of two substrates ͓Fig. 3͑b͔͒, very precise alignment between these can be achieved by using suitable alignment marks and precisely fabricated mounts. Careful fabrication can yield alignment tolerances of a few micrometers.
• Modal dispersion Modal dispersion occurs due to different path lengths during propagation. In a tilted 4f-setup, such path-length differences are inherent, as one can see in Fig. 5 , which shows the optical setup unfolded. Obviously, the two rays visualized by the solid and the dashed lines travel different paths between L 1 and L 2 . We denote this path-length difference as ⌬L. A mathematical expression for ⌬L can be derived from basic geometrical considerations: of ⌬L / c 0 Ϸ 1.6 ps, which is obviously too much for fs-pulses. This problem of modal dispersion in a PIFSO implementation can be completely avoided if instead of a 4f-setup ͑as considered in Refs. 13-15͒ an 8f-setup is used ͑Fig. 5͒. Since the optical rays are inverted in the second 4f-setup, the solid and the dashed rays have exactly the same distance to travel between G 1 to G 2 . As we will show in a later section, the 8f-setup allows one to reduce modal dispersion to values of only a few femtoseconds, caused by aberrations of the lenses.
Fabrication
The demonstration system was fabricated in the following way: Substrate S 1 with the lenses is a copper substrate. The lenses were realized by ultraprecision micromachining as concave mirrors with an elliptical profile. A diamond tip ablates the lens structures into the copper substrate. This technique allows one to fabricate precise optical surfaces with nearly any profile. Copper was chosen for its suitability to realize the micromachining task and for its good reflectivity in the near infrared. However, other materials, including glass, would also be possible. In order to compensate for aberrations that occur due to the tilted optical axis, one has to fabricate the lenses with an astigmatic phase profile. The phase profile of a lens is therefore described mathematically as ͑x,y͒ = 0
͑11͒
This phase profile with slightly different focal lengths for x and y directions is typical for PIFSO systems. The lines of equal phase for this profile represent ellipses. Their eccentricity is given by the term cos ␥ 0 , where ␥ 0 is the tilt angle of the optical axis. Extensive considerations about the optical design of planar-integrated imaging systems can be found in Refs. 18 and 19.
In our system, all four lenses were designed with the same focal lengths f x =16 mm and f y = 16.757 mm. The diameters of the fabricated lenses were d x = 2.931 mm in the x direction and d y = 3.0 mm in the y direction. The centers of the lenses on substrate S 1 were separated by a distance of 6.959 mm. Precise positioning was provided by the micromachining system. Figure 6͑a͒ shows a photograph of the copper substrate with the four lenses. Since the lenses are rather shallow, one does not recognize them very well. Therefore, a microscope picture of one of the lenses is shown in Fig. 5͑b͒ . Here, one can see that the micromachining process led to unwanted traces on the mirror surfaces. These are imperfections of the demonstrator device that can, however, be avoided in general. The lenses were characterized by white-light interferometry. The result for one of the lenses is shown in Fig. 7 . The plot shows the deviations from the ideal shape. At the left edge, these amount to more than a wavelength. This is, in general, not acceptable, and these fabrication-related errors need to be overcome by improved fabrication. However, it turned out that the aberrations on the four lenses exhibited a certain symmetry that cancel out to some extent for the propagation of the optical pulses.
Substrate S 2 was implemented as a glass substrate made of fused silica. The two gratings were placed on it at welldefined positions and fabricated with four discrete phase levels by using standard mask-based lithography and reactive ion etching. Both graings have a period of p =4 m. In an improved implementation, one could realize the gratings as blazed gratings in a metal substrate, ideally of the same material as S 1 . This option would improve diffraction efficiency and lead to an optimal match in the thermal expansion of the two substrates.
Simulations
The pulse shaper was simulated by ray tracing before fabrication to analyze the expected performance and after fabrication by taking into account the measured lens data. A specific aspect is the question of how well different wavelengths would be focused into the Fourier plane. We show here some results obtained by a ZEMAX ray-tracing simulation.
In Fig. 8 , one can see the normalized light distribution in the Fourier plane. For the simulations, we assumed an optical input signal with a discrete line spectrum centered around the wavelength of 850 nm. The spectral lines are separated by ␦ =1 nm ͑except at the both ends of the spectrum, where the separation is only 0.5 nm͒. The total spectral width of the input signal is 9 nm. The blue curve was calculated for the ideal system, the red curve was based on data for the fabricated system. Due to lens errors, one can expect a decrease in the relative irradiance and a shift of the complete curve ͑see red curve in Fig. 8͒ . Despite this declined optical behavior, the spectral peaks appear well focused over the full spectrum.
The dispersion of a grating-based setup is
With the values given earlier, the spatial separation of the peaks in the filter plane is ␦x = D␦ =4 m. This corresponds to the results of the simulation in Fig. 8 .
In the next simulation, we tested the profile of the output beam as it emerges from the pulse shaper behind the second grating G 2 . The results are shown in Fig. 9 . Again, the simulations were run for the ideal system ͑a͒ and the fabricated system ͑b͒. In both cases, the input beam was assumed to be monochromatic at the center wavelength. For the ideal system, a nearly perfect phase profile is seen at the output ͓Fig. 9͑a͔͒. In contrast, Fig. 9͑b͒ shows the calculated phase profile by taking into account the fabrication errors. One can see a nearly concentric phase curvature that corresponds to a defocusing. From the center of the beam to the peripheral ring, a phase angle difference of approximately 260 deg is observed. The spatial phase delay corresponds to a temporal pulse broadening of about 3 fs. This value is smaller by several orders of magnitude compared to a 4f-based PIFSO setup if we compare it with the considertions presented in Sec. 3.
Conclusion
We have demonstrated an integrated micro-optical pulse shaper using the concept of planar-integrated free-space optics ͑PIFSO͒. It was implemented as an all-reflective system to avoid material dispersion. Microlenses were fabricated by ultraprecision micromachining. The system design was tested by ray-tracing simulations, taking into account measurement data for the lenses obtained by white-light interferometry. The results indicate that despite some fabrication errors, the optical performance of the demonstrator is good. The system could be optimized further by eliminating fabrication errors and by slight modifications in the optical design. It is possible, although not yet demonstrated here, to integrate static or dynamic spatial light modulators Fig. 7 White-light interferograms of the four lenses. Shown are the deviations from the ideal shape. Fig. 8 Irradiance of the alculated spectrum in the filter plane for the ideal system ͑blue͒ and for the fabricated system ͑red͒. One division along the abscissa corresponds to a distance of 2 m in the focal plane. ͑Color online only.͒ to influence amplitude and phase of the optical signal. Further work will aim at measuring the spectral transfer function and the demonstration of the filtering operation in the temporal domain using fs-pulses. A further goal is to improve fabrication of the reflective lenses in order to further reduce aberrations and thus modal dispersion to 1 fs or less.
An integrated pulse shaper as presented here appears to be of interest for various purposes. First, equipped with modulators for filtering, it could be a practical and versatile tool in femtosecond laser laboratories to optimize the optical output of the lasers according to specified tasks. Due to its compact size, ruggedness, and light weight, the device could also be in wavelength-division multiplexing ͑WDM͒-based communication and interconnection systems 20 -in particular, in mobile applications.
